Introducing new physicochemical properties into proteins through genetically encoded Uaa (unnatural amino acid) incorporation can lead to the generation of proteins with novel properties not normally accessible with the 20 natural amino acids. Phenyl azide chemistry represents one such useful addition to the protein repertoire. Classically used in biochemistry as a non-specific photochemical protein cross-linker, genetically encoding phenyl azide chemistry at selected residues provides more powerful routes to post-translationally modify protein function in situ. The two main routes are modulation by light (optogenetics) and site-specific bio-orthogonal modification (bioconjugation) via Click chemistry. In the present article, we discuss both approaches and their influence on protein function.
An expanded genetic code
Uaas (unnatural amino acids) provide a powerful approach to expand the functionality of the proteome as they increase the chemical diversity sampled and introduce new physicochemical properties. The uses of Uaas are extensive and range from photocontrol [1, 2] to biophysical probes [3, 4] to site-specific post-translational modifications [5] . Given the huge potential of introducing new chemistry into proteins, several approaches have been developed to incorporate Uaas. These include solid-phase peptide synthesis [6] , auxotrophic doping with structural analogues [7] , post-translational modification [8] and the use of chemically aminoacylated tRNAs [9] , all of which are valuable but have drawbacks. The most useful approach is via an expanded genetic code [10] where a codon is reprogrammed to code for Uaa incorporation during cellular protein synthesis. This extends the targets that are accessible, provides defined placement of the new chemistry within a target and, importantly, allows incorporation in a cellular context. Also, recombinant protein expression allows the production of Uaa-containing proteins in high yields alleviating the need for complex synthesis or external interference such as microinjection. Its utility means that Uaa incorporation via an expanded genetic code is becoming an established part of the protein engineering toolbox, with a wide range of cell types (bacteria to yeast [2, 11] to mammalian cell lines [12] ) and even whole organisms (Caenorhabditis elegans [13] and Drosophila melanogaster [14] ) targetable. An ever-increasing number of different Uaas (approaching 100) [15, 16] have been demonstrated with Key words: Click chemistry, expanded genetic code, p-azido-l-phenylalanine, phenyl azide, photocontrol, protein engineering. Abbreviations used: aaRS, aminoacyl-tRNA synthase; azPhe, p-azido-L-phenylalanine; DBCO, dibenzylcyclo-octyne; sfGFP, superfolder green fluorescent protein; SPAAC, strain-promoted azide-alkyne cycloaddition; TyrRS, tyrosyl-tRNA synthetase; Uaa, unnatural amino acid. 1 Correspondence may be addressed to either of these authors (email reddingtonsc@cf.ac.uk or jonesdd@cf.ac.uk).
multiple different Uaas now able to be introduced into a single target protein [17, 18] . The general principle of the expanded genetic code approach has been reviewed elsewhere [15, 16] and will not be covered in detail in the present article.
Genetically encoding phenyl azide chemistry
One of the most versatile 'unnatural' chemical groups to be introduced into proteins is phenyl azide. There are three properties that make phenyl azide desirable for use in proteins: (i) photochemistry, (ii) Click chemistry, and (iii) IR absorbance. The first two are discussed in more detail below; the distinctive IR absorption of phenyl azide makes it a useful biophysical probe for monitoring local changes in protein structure. The photochemistry of phenyl azides has classically been exploited in protein biochemistry in vitro for non-specific chemical cross-linking, with the phenyl azide introduced into the protein through chemical modification [19] . Ideally, phenyl azide chemistry would be incorporated into defined target proteins and residues during cellular protein synthesis. This is possible through the use of an expanded genetic code using the tyrosine analogue azPhe (pazido-L-phenylalanine) (Figure 1) .
The most widely used approach is to reprogramme the amber stop codon (TAG) [10] to code for azPhe ( Figure 1) as it is the least used codon. However, other termination codons, degenerate codons and novel quadruplet codons can also be employed [15] . Incorporation of azPhe occurs as part of normal cellular protein synthesis utilizing a new orthogonal tRNA-aaRS (aminoacyl-tRNA synthase) pair. The tRNA is engineered to recognize the reprogrammed codon and the aaRS evolved directly to charge the orthogonal tRNA with azPhe [20] . For example, azPhe incorporation in Escherichia coli uses an engineered tyrosyl-tRNA-TyrRS (tyrosyl-tRNA synthetase) pair taken from Methanococcus jannaschii [21] , which is compatible with the endogenous translational machinery while minimizing any cross-talk. During translation, the TAG codon can take on two roles depending on the presence or absence of azPhe in the growth medium. In the absence of azPhe, protein synthesis is terminated at the introduced TAG stop codon, thus introducing a chemical genetic control element into the process. Addition of azPhe to the growth medium results in cellular uptake and incorporation at the desired position in the target. Miscoding of native TAG stop codons does not appear to have a significant effect on the cell [22] .
Phenyl azide photochemistry and photocontrol
Genetic encoding of protein photocontrol, known as optogenetics [23] , is a powerful approach to modulate biological processes as it allows precise temporal and spatial control with minimum interference and disruption. Protein photocontrol has been used to regulate proteinprotein interactions, enzyme activity and DNA binding [24] . Furthermore, the photocontrol of opsin channels has created a new paradigm for neuroscience allowing neurons in specific regions of the brain to be switched on or off [23] . Currently, photocontrol is achieved using naturally occurring light-sensitive ion channels (e.g. opsins) or fusions to naturally occurring photosensitive proteins [e.g. LOV (light, oxygen or voltage) domains]. Only a limited number of these cofactor-dependent photosensitive proteins exist, which could limit the range of responses and thus general applicability. An alternative approach is to use the inherent photochemistry of particular Uaas together with an expanded genetic code. Photocontrol has been demonstrated with a range of genetically encoded Uaas including azPhe [25] , the photocross-linkers bzPhe (benzoyl-phenylalanine) [1] and trifluoromethyldiazirine-phenylalanine [26] , photocaged Uaas nitrobenzyl-cysteine [2] and nitrobenzyl-lysine [27] , as well as the photo-isomerizable azobenzene-phenylalanine [28] . Owing to the vastly reduced size compared with whole protein domains, the use of Uaas to control protein activity using light could become a general approach for the study and regulation of biological systems.
AzPhe is particularly useful as a photocontrol element as it is small in comparison with other photoreactive Uaas and can follow multiple photochemical routes adding versatility. When incorporated at a residue important for structure and/or function, the photoreaction of azPhe could be used to modulate protein activity. The photochemistry of phenyl azides is well known [29] . On irradiation, N 2 is lost from the azide to form a reactive nitrene species (Figure 1) . The nitrene is a reactive electrophile and can follow multiple pathways depending on local environment, ring substituents and temperature. The possible routes have been described elsewhere [25] and include reduction to an amine, C-H bond insertion or ring expansion.
The use of genetically encoded phenyl azide has recently been shown to be a powerful approach to control protein activity through light [25] . Incorporation of azPhe at designed positions in sfGFP (superfolder green fluorescent protein) resulted in fluorescence modulation on irradiation both in vitro and in vivo (Figure 2 ). Photocontrollable auto-FPs are in great demand for super-resolution live cell imaging {e.g. PALM (photoactivated localization microscopy) [30] } and FRAP [31] experiments. However, some limitations persist with current engineered photosensitive FPs such as robustness of the base protein scaffold and the photoswitching properties. These problems appear to have been overcome using the photochemistry of azPhe placed within the core of this super-stable GFP variant.
Of particular note from this study was the placement of azPhe at three different residues resulting in three different effects (Figure 2 , and Supplementary Movies S1-S3 at http://www.biochemsoctrans.org/bst/041/bst0411177add. htm): photoactivation (Tyr 66 azPhe mutation), photodeactivation (Phe 145 azPhe) and photoswitching (His 148 azPhe). AzPhe incorporation at residue 66 (sfGFP Y66AzF ) that forms part of the chromophore generated a photoactivatable sfGFP variant. sfGFP Y66AzF was poorly fluorescent on production, but could be rapidly switched on by low-intensity UVblue light ( Figure 2C ) resulting in an approximately 13-fold increase in brightness. Structural analysis revealed the photochemical event responsible was reduction of the azide to an amine. The authors also created a photodeactivatable sfGFP variant by substitution of Phe 145 close to the tyrosine moiety of the chromophore for azPhe (sfGFP F145AzF ). On production, sfGFP F145AzF was highly fluorescent with similar properties to the parent sfGFP, but became essentially nonfluorescent (54-fold decrease in brightness) on photolysis. Detailed structural analysis of the irradiated state of sfGFP F145AzF revealed the mechanism of action was crosslinking between azPhe 145 and Tyr 66 in the chromophore.
Incorporation of azPhe at residue 148 (sfGFP H148AzF ), which is also close to the chromophore, produced a protein with a 'switchable' excitation spectrum. When produced, sfGFP H148AzF had major and minor excitation peaks at 400 and 485 nm respectively ( Figure 2C ). Photolysis results in ratiometric switching, with a decrease in the 400 nm peak and increase in the 485 nm peak, with changes in the 511 nm emission spectrum mirroring this pattern.
It is interesting to note that different residues and therefore environments within the protein resulted in distinct photochemical pathways of the phenyl azide with different effects on protein activity. As more residues are targeted for azPhe-based photocontrol, more will be learnt about the photochemical mechanism of azPhe. This will be useful not only for the design of future rational mutations in other proteins, but also as a tool for studying phenyl azide photochemistry within defined protein environments [32] .
Azide reactivity and post-translational protein modification
Post-translational modification of proteins with nonnatural adducts offers a valuable way of manipulating their properties. Bioconjugation can generate proteins with a range of novel properties including improved therapeutic properties (e.g. PEGylation) [33] , fluorescence (for tracking) [34] and cell-targeted delivery (via DNA aptamers) [35] . One exciting approach is protein-material bioconjugation so as to generate new assemblies that combine the properties of the protein and material [36] . Proteins have been attached to a range of materials from carbon nanotubes [37] to gold [38] to liposomes [39] . The resulting conjugates have widespread uses from drug delivery and medical diagnostics [40] to facilitating single molecule studies and the creation of bio-electronics [37, 38, 41] .
Traditionally, protein bioconjugation exploits the chemistry of natural amino acids, such as lysine, cysteine, glutamate/aspartate and the amino group of the N-terminal residue. These residues are common and the reactive chemical groups (amino, carboxy and thiol) are found in other classes of molecules (e.g. DNA and lipids). The result is poor control over the site and number of modifications, and incompatibility of the reactions with complex mixtures or in vivo conditions. AzPhe is a valuable addition to the bioconjugation toolbox as it introduces a chemical handle into a target protein for highly specific modification that does not cross-react with any chemical groups found naturally in a cell (i.e. it is bio-orthogonal). AzPhe can undergo reactions with terminal alkynes [42, 43] , ring-strained alkynes [44] and phosphines [45] to form stable covalent linkages. One of the most useful azide reactions is the recently developed Click chemistry, SPAAC (strain-promoted azidealkyne cycloaddition) [34, 46] (Figure 3A) . SPAAC alleviates the copper catalyst associated with CuAAC that can be cytotoxic and damage biological molecules allowing its application in situ. SPAAC also offers fast kinetics and no issues with air oxidation (compared with Staudinger ligation).
As with other bioconjugation approaches, such as thiol modification, azPhe positioning in the protein is critical to SPAAC, at least in the context of the sfGFP surface [47] (Figure 3B ). The dependency of conjugation yield and kinetics on accessibility appears to be counterintuitive as residues with the lowest solvent-accessible surface area were modified to the greatest extent and at the highest rate ( Figure 3C , were 10-50-fold higher than observed previously for SPAAC reactions involving small molecules in organic solvents [5, 46] and should be sufficiently high to monitor events in real time in a biological context. This suggests that the protein microenvironment plays a major role in defining SPAAC reaction parameters as has been suggested recently for antibody labelling via cysteine-maleimide linkage [48] and also other reactions [49] .
As mentioned above, the role of bioconjugation is to modify the properties of a protein, which is dependent on the site of modification and the nature of the incoming group. Continuing with the example of sfGFP [47] , Figure 3D ). Such high FRET efficiency is a result of the attachment of Texas Red close to the chromophore (∼30 Å ; 1 Å = 0.1 nm) and was not possible with the other residues studied, showing the importance of residue choice on bioconjugation.
The Click chemistry-based SPAAC approach for posttranslational protein modification holds more general promise beyond the specific example outlined in the present article, with many diverse applications possible. It offers a way of tagging any target protein in a defined manner with a desired chemical group. This is especially applicable for defined and directed PEGylation of therapeutic proteins to optimize their pharmacokinetic properties that may be affected by non-specific heterogeneous labelling by classical approaches [33] . Non-specific attachment of proteins to non-biological materials can suffer similar problems from undefined and non-optimized interfaces. Controlling such interactions has recently been shown to be important for optimizing electron transfer across a single protein-molecule bridge [38] . The use of phenyl azide chemistry will expand the routes and specificity of the protein-material interfaces, including with new emerging carbon allotrope materials.
